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Description 

MICROELECTROMECHANICAL SYSTEM 

BASED SENSORS, SENSOR ARRAYS, 
SENSING SYSTEMS, SENSING METHODS 
AND METHODS OF FABRICATION 

Background of the Invention 

1. Field of Invention 

[0001] This invention relates to microelectromechanical system 
(MEMS) based structures and microelectromechanical sys- 
tem (MEMS) based systems including at least one sensor. 
This invention also relates to methods for fabricating such 
structures and systems, as well as methods for sensing 

using such microelectromechanical system based systems. 

2. Description of Related Art 

[0002] Conventional sensor arrays that allow communication be- 
tween integrated circuit chips are built into chips parallel 
to the substrate. For example, a typical free-space chip- 
to-chip optical interconnect may be based on two- 



dimensional CMOS imaging arrays and surface-emitting 
laser arrays. The two-dimensional CMOS imaging arrays 
are flip-chip bonded onto a semiconductor chip. The sur- 
face-emitting laser arrays are flip-chip bonded onto a 
separate semiconductor chip. The two-dimensional CMOS 
imaging arrays are then aligned with the surface-emitting 
laser arrays by vertically stacking the chips. 
[0003] planar chip-to-chip communication may be achieved by 
mounting the two-dimensional CMOS imaging arrays 
sideways onto the semiconductor chip. The surface- 
emitting laser arrays are replaced with either edge- 
emitting laser arrays or optical microelectromechanical 
system (MEMS) scanners. This arrangement allows for op- 
tical communication between chips that are coplanar, for 

example, arranged on a common back plate. 
Summary of the Invention 

[0004] The conventional sensor arrays for chip-to-chip commu- 
nication have various limitations and drawbacks. For ex- 
ample, the free-space chip-to-chip optical interconnect 
based on two-dimensional CMOS imaging arrays and sur- 
face-emitting laser arrays is limited to vertically stacked 
chips. Further, the assembly process of side-mounted 
imaging arrays is costly and has low reliability. This in- 



vention avoids these and other drawbacks associated with 
conventional sensor arrays. 

[0005] The systems and methods according to this invention 

provide a micromachined sensor that is erected and inte- 
grated on a semiconductor chip. 

[0006] The systems and methods according to this invention 

separately provide improved flexibility in the design of an 
optical communication system for semiconductor chips. 

[0007] The systems and methods according to this invention 

separately provide reduced fabrication costs of a sensor 
or sensor array for a semiconductor chip. 

[0008] The systems and methods according to this invention 

separately provide improved manufacturability of a sensor 
or sensor array for a semiconductor chip. 

[0009] The systems and methods according to this invention 

separately provide increased reliability of a sensor or sen- 
sor array for a semiconductor chip. 

[0010] The systems and methods according to this invention 

separately provide chip-to-chip communication with im- 
proved robustness and/or reliability. 

[0011] The systems and methods according to this invention 
separately provide planar chip-to-chip communication. 

[0012] The systems and methods according to this invention 



separately provide in-line calibration for an optical com- 
munication system. 

[0013] The systems and methods according to this invention 

separately provide a micro-optical bench having a sensor 
or sensor array. 

[0014] The systems and methods according to this invention 

separately provide improved fabrication of an erected mi- 
cromachined structure. 

[0015] The systems and methods according to this invention 
separately provide laser-enhanced fabrication of an 
erected micromachined structure. 

[0016] | n various exemplary embodiments according to the sys- 
tems and methods of this invention, a microelectrome- 
chanical system (MEMS) based sensor comprises a sub- 
strate defining a plane, a first conductive material layer 
having a first stress and a sensor material layer formed 
over at least the second portion of the first conductive 
material layer. A first portion of the first conductive mate- 
rial layer is connected to the substrate and extends in a 
substantially parallel direction to the plane defined by the 
substrate. A second portion of the first conductive mate- 
rial layer is disconnected from the substrate and extends 
in a substantially non-parallel direction to the plane de- 



fined by the substrate. The sensor material layer has a 
second stress that is less than the first stress of the first 
conductive material layer. The first and second stresses 
form a stress gradient that bends the second portion of 
the first conductive material layer and the sensor material 
layer formed over the second portion of the first conduc- 
tive material layer away from the substrate. 

[0017] | n various embodiments, the sensor further comprises a 
second conductive material layer formed over the sensor 
material layer. The second conductive material layer may 
have a third stress that is less than the second stress of 
the sensor material layer, such that the first, second and 
third stresses form a stress gradient that bends the sec- 
ond portion of the first conductive material layer, the sen- 
sor material layer formed over the second portion of the 
first conductive material layer and at least a portion of the 
second conductive material layer away from the substrate. 

[0018] | n various exemplary embodiments, the sensor material 
layer comprises a silicon material. In various exemplary 
embodiments, the silicon material comprises amorphous 
silicon. In various exemplary embodiments, the amor- 
phous silicon comprises hydrogenated amorphous silicon. 

[0019] in various exemplary embodiments, the sensor material 



layer comprises a Group III— V semiconductor material. In 
various exemplary embodiments, the Group lll-V semi- 
conductor material comprises gallium-arsenide. 

[0020] | n various exemplary embodiments, the first conductive 
material layer comprises a titanium-tungsten material. 

[0021] | n various exemplary embodiments, the first and second 
stresses are compressive stresses. In various exemplary 
embodiments, the third stress is a tensile stress. 

[0022] in various exemplary embodiments, the second conduc- 
tive material layer comprises molybdenum-chromium. 

[0023] in various exemplary embodiments, a sub-layer of the 

sensor material layer that is remote from the first conduc- 
tive material layer has a reduced stress that is less than 
the second stress. 

[0024] in various exemplary embodiments, a method of fabricat- 
ing a microelectromechanical system (MEMS) based sen- 
sor, comprises forming a substrate that defines a plane, 
forming a first conductive material layer having a first 
stress, forming a sensor material layer over at least a sec- 
ond portion of the first conductive material layer and dis- 
connecting the second portion of the first conductive ma- 
terial layer from the substrate. At least a first portion of 
the first conductive material layer is connected to the 



substrate and extends in a substantially parallel direction 
to the plane defined by the substrate. The sensor material 
layer has a second stress that is less than the first stress 
of the first conductive material layer such that the first 
and second stresses form a stress gradient that, upon 
disconnecting the second portion of the first conductive 
material layer from the substrate, bends the second por- 
tion of the first conductive material layer and the sensor 
material layer formed over the second portion of the first 
conductive material layer away from the substrate to ex- 
tend in a substantially non-parallel direction to the plane 
defined by the substrate. 
[0025] | n various exemplary embodiments, the method further 
comprises forming a second conductive material layer 
over the sensor material layer. The second conductive 
material layer may have a third stress that is less than the 
second stress of the sensor material layer, such that the 
first, second and third stresses form a stress gradient that 
bends the second portion of the first conductive material 
layer, the sensor material layer formed over the second 
portion of the first conductive material layer and at least a 
portion of the second conductive material layer away from 
the substrate. 



[0026] | n various exemplary embodiments, the method further 

comprises forming a reduced-stress sub-layer of the sen- 
sor material layer remote from the first conductive mate- 
rial layer. The reduced stress sub-layer having a stress 
that is less than the second stress. In various exemplary 
embodiments, forming the reduced-stress sub-layer 
comprises crystallizing part of the sensor material layer. 
In various exemplary embodiments, the method further 
comprises subjecting the sensor material layer to a hydro- 
gen plasma treatment after crystallizing part of the sensor 
material layer. In various exemplary embodiments, form- 
ing the sensor material layer comprises forming a silicon 
layer and crystallizing part of the sensor material layer 
comprises forming a polysilicon layer. 

[0027] | n various exemplary embodiments, forming the reduced- 
stress sub-layer comprises irradiating part of the sensor 
material layer with laser light. In various exemplary em- 
bodiments, the method further comprises subjecting the 
sensor material layer to a hydrogen plasma treatment af- 
ter irradiating part of the sensor material layer with laser 
light. In various exemplary embodiments, irradiating part 
of the sensor material layer with laser light comprises ir- 
radiating with excimer laser light. In various exemplary 



embodiments, irradiating with excimer laser light com- 
prises pulsing the excimer laser light. 

[0028] | n various exemplary embodiments, a chip-to-chip com- 
munication system comprises a first semiconductor chip 
having at least one of an optical scanner and a laser array 
and a second semiconductor chip having an array of mi- 
croelectromechanical system based sensors, wherein the 
array of sensors is aligned with the at least one of the op- 
tical scanner and the laser array. In various exemplary 
embodiments, the system further comprises a back plate 
having a planar surface on which the first and second 
semiconductor chips are mounted. In various exemplary 
embodiments, the back plate comprises a printed circuit 
board. In various exemplary embodiments, the first semi- 
conductor chip and the second semiconductor chip are 
part of a flat panel display system. 

[0029] | n various exemplary embodiments, the first semiconduc- 
tor chip has a laser array and a collimation lens array as- 
sociated with the laser array. In various exemplary em- 
bodiments, the first semiconductor chip has a laser array 
comprising an edge emitting laser array. In other various 
exemplary embodiments, the first semiconductor chip has 
a laser array comprising an VCSEL laser array. 



[0030] | n various exemplary embodiments, a chip-to-chip com- 
munication method comprises emitting an optical signal 
from a first semiconductor chip using at least one of an 
optical scanner and a laser array and receiving the emitted 
optical signal at a second semiconductor chip using an ar- 
ray of microelectromechanical system based sensors that 
is aligned with the at least one of the optical scanner and 
the laser array. 

[0031] | n various exemplary embodiments, a method of in-line 

calibration of an optical link comprises disposing a micro- 
electromechanical system based sensor in an optical path 
of an optical signal carrier and sensing at least a portion 
of an optical signal carried by the optical signal carrier. 

[0032] in various exemplary embodiments, a micro-optical bench 
comprises a bench surface and at least one microelec- 
tromechanical system based sensor integrated with the 
bench surface. 

[0033] These and other features and advantages of this invention 
are described in, or are apparent from, the following de- 
tailed description of various exemplary embodiments of 

the systems and methods according to this invention. 
Brief Description of the Drawings 

[0034] various exemplary embodiments of the systems and 



methods of this invention described in detail below, with 
reference to the attached drawing figures, in which: 

[0035] pig. 1 is a cross sectional elevation view of a first exem- 
plary embodiment of a microelectromechanical system 
(MEMS) based sensor according to this invention; 

[0036] pigs. 2-9 illustrate various stages of a first exemplary em- 
bodiment of a method of fabricating an exemplary micro- 
electromechanical system (MEMS) based sensor according 
to this invention, Figs. 2, 4, 6 and 8 showing a top view 
and Figs. 3, 5, 7 and 9 showing a corresponding cross 
sectional elevation view; 

[0037] Fig. 10 illustrates an exemplary embodiment of a micro- 
electromechanical system (MEMS) based sensor having a 
relatively low lift height according to this invention; 

[0038] Fig. 11 illustrates an exemplary embodiment of a micro- 
electromechanical system (MEMS) based sensor having a 
relatively high lift height according to this invention; 

[0039] Fig. 12 illustrates an exemplary embodiment of a first 

method for laser enhancement of the stress gradient in a 
microelectromechanical system (MEMS) based sensor ac- 
cording to this invention; 

[0040] Fig. 13 illustrates an exemplary embodiment of a micro- 
electromechanical system (MEMS) based sensor produced 



by the exemplary method of Fig. 12; 

[0041] pig. 14 illustrates an exemplary embodiment of a second 
method for laser enhancement of the stress gradient in a 
microelectromechanical system (MEMS) based sensor ac- 
cording to this invention; 

[0042] pig. 15 illustrates an exemplary embodiment of a micro- 
electromechanical system (MEMS) based sensor produced 
by the exemplary method of Fig. 14; 

[0043] Fig. 16 is a cross sectional elevation view of a second ex- 
emplary embodiment of a microelectromechanical system 
(MEMS) based sensor according to this invention; 

[0044] Fig. 17 is a cross sectional elevation view of a third exem- 
plary embodiment of a microelectromechanical system 
(MEMS) based sensor according to this invention; 

[0045] Fig. 18 is a schematic representation of an exemplary em- 
bodiment of a planar chip-to-chip optical communication 
system including a plurality of microelectromechanical 
system (MEMS) based sensors according to this invention; 

[0046] Fig. 19 is a schematic representation of an exemplary em- 
bodiment of an optical switching system including a plu- 
rality of microelectromechanical system (MEMS) based 
sensors according to this invention; and 

[0047] Fig. 20 is a schematic representation of an exemplary em- 



bodiment of a micro-optical bench integrated with a mi- 
croelectromechanical system (MEMS) based sensor ac- 
cording to this invention. 
Detailed Description of Exemplary Embodiments 

[0048] while the invention is described hereafter with reference 
to various systems that incorporate one or more sensors 
according to this invention, it should be understood that 
this invention is not strictly limited to such systems. 
Rather, any microelectromechanical system (MEMS) based 
system that utilizes a sensor is contemplated by this in- 
vention. The description is intended to convey the fea- 
tures of the invention without limiting the invention to the 
specific embodiments disclosed. 

[0049] Furthermore, while various details of methods of fabricat- 
ing a sensor according to this invention are described, it 
should be understood that this invention is not strictly 
limited to such methods. Rather, any known or hereafter 
developed microelectromechanical system (MEMS) based 
fabrication techniques may be used. For example, known 
techniques for forming stress-engineered or stress gradi- 
ent-induced structures such as spring contacts, coils and/ 
or suspension arms may be used. In particular, various 
suitable fabrication techniques are disclosed in U.S. 



Patents Nos. 5,848,685, 5,914,218, 5,944,537, 
6,184,065, 6,184,699 and 6,264,477 to Smith et al., U.S. 
Patents Nos. 6,213,789 and 6,439,898 to Chua et al., U.S. 
Patents Nos. 6,290,510, 6,361,331 and 6,534,249 to Fork 
et al., U.S. Patent No. 6,392,524 to Biegelsen et al. and 
U.S. Patents Nos. 6,411,427 and 6,504,643 to Peeters et 
al., each of which is incorporated herein by reference in its 
entirety. In general, known techniques common to the in- 
tegrated circuit (IC) fabrication industry to manufacture 
microelectromechanical or micromechanical devices may 
be utilized to fabricate the sensors according to this in- 
vention as well as the systems with which the sensors may 
be integrated. 

[0050] The systems and methods according to this invention 
provide a microelectromechanical system (MEMS) based 
sensor or sensor array. The sensors according to this in- 
vention may be referred to as "erected" sensors because 
the sensors extend away from the plane of the substrate 
of the semiconductor chip or other structure with which 
the sensors are integrated. In various exemplary embodi- 
ments, the sensors are realized by a stress gradient that is 
designed via a plurality of layers having different stresses. 
In various exemplary embodiments, the plurality of layers 



comprises one or more conductive material layers and at 
least one sensor material layer. 

[0051] | n various exemplary embodiments, the sensors according 
to this invention are integrated with a semiconductor chip, 
such as, for example, an optoelectronic chip. The erected 
geometry of the sensors according to this invention allow 
the semiconductor chip to receive a signal that is trans- 
mitted parallel to the semiconductor chip, i.e., parallel to 
a plane defined by a substrate of the chip. Thus, the sen- 
sors according to this invention may be integrated with 
semiconductor or optoelectronic chips to provide planar 
communication between chips. 

[0052] | n various exemplary embodiments according to this in- 
vention, the stress gradient generated by the different 
stresses of various layers may be enhanced by crystalliz- 
ing part of the sensor material layer. For example, in vari- 
ous exemplary embodiments the stress gradient is en- 
hanced by irradiation with a laser. 

[0053] a cross sectional elevation view of a microelectromechan- 
ical system (MEMS) based sensor 100 according to a first 
exemplary embodiment of this invention is shown in Fig. 
1. The sensor 100 is generally formed by a plurality of 
layers having different stresses such that a stress gradient 



in the z-direction is created. 

[0054] a s shown in Fig. 1, the sensor 100 has a first portion 102 
that is connected to a substrate 110 and extends in the x- 
and/or y-directions substantially parallel to the x-y plane 
defined by the substrate 110. The sensor 100 has a sec- 
ond portion 104 that is disconnected from the substrate 
110 and extends in a substantially non-parallel direction 
to the x-y plane defined by the substrate 110. 

[0055] | n the first exemplary embodiment, the sensor 100 has an 
interconnect layer 120 formed over the substrate 110. A 
first conductive material layer 130 having a first stress is 
formed over the interconnect layer 120 and a first portion 
132 of the first conductive material layer 130 is connected 
to the substrate 110 via the interconnect layer 120. A sec- 
ond portion 134 of the first conductive material layer 130 
is mechanically disconnected from the substrate 110. 

[0056] a sensor material layer 140 having a second stress is 

formed over the first conductive material layer 130. The 
second stress of the sensor material layer 140 is less than 
the first stress of the first conductive material layer 130. 
Thus, at least prior to removal of a sacrificial portion (not 
shown) of the interconnect layer 120, a stress gradient in 
the z-direction exists in the sensor 100. After the sacrifi- 



cial portion (not shown) of the interconnect layer 120 is 
removed, as illustrated in Fig. 1, the stress gradient 
causes the second portion 104 of the sensor 100 to curl 
and extend in a substantially non-parallel direction to the 
x-y plane defined by the substrate 110. The curling of the 
second portion 104 of the sensor 100 releases at least 
some of the intrinsic stress created by the stress gradient. 

[0057] The sensor 100 may also have a second conductive mate- 
rial layer 150 formed over the sensor material layer 140. 
The second conductive material layer 150 may have a 
third stress that is less than the second stress of the sen- 
sor material layer 140 such that the first, second and third 
stresses form a stress gradient in the z-direction in the 
sensor 100 at least prior to removal of a sacrificial portion 
(not shown) of the interconnect layer 120. 

[0058] As illustrated in Fig. 1, the sensor 100 has a layer height h 
that is determined by the thickness of the layers of the 
sensor 100 other than the interconnect layer 120. The 
sensor 100 also has a lift height b that is determined by 
the stress gradient of the layers, the elastic modulus of 
the layers, the layer height h and the length L of the sec- 
ond portion 104 of the sensor 100. For example, if the 
stress gradient is uniform in the x-y plane, then the lift 



height is: 

b~L 2 Aa/2hY' (1) 

[0059] where Aa is the stress gradient or difference along the z- 
direction and Y' is the biaxial elastic modulus. 

[0060] The interconnect layer 120 may be of any suitable mate- 
rial that may be selectively removed without adversely af- 
fecting the other layers 130, 140, 150 and/or the sub- 
strate 110. For example, the material of the interconnect 
layer 120 may be selected to facilitate its removal by 
etching with an etchant that is highly selective between 
the material of the interconnect layer 120 and the materi- 
als of the other layers 130, 140, 150 and/or the substrate 
110. In various exemplary embodiments, the interconnect 
layer 120 may be a metal such as aluminum for intercon- 
necting the first conductive material layer 130 to circuitry 
of an integrated circuit formed on the substrate 110, for 
example, via electrical traces. Other materials may be 
used for the interconnect layer 120, such as, for example, 
low stress chrome or chrome-molybdenum alloy. 

[0061] The first conductive material layer 130 and the second 

conductive material layer 150 may be of any suitable con- 
ductive material. For example, the first conductive mate- 
rial layer 130 may be a metal layer, such as a titanium- 



tungsten film. Other suitable materials may be used for 
the first conductive material layer. For example, if alu- 
minum is used for the interconnect layer 120, then 
chrome may be used for the first conductive material layer 
130, and vice versa. The second conductive material layer 
150 may be, for example, an ITO (indium-tin-oxide) film. 

[0062] The sensor material layer 140 may be of any suitable sen- 
sor material. For example, the sensor material layer 140 
may be a silicon layer. For example, the sensor material 
layer 140 may be hydrogenated amorphous silicon, poly- 
crystalline silicon, lll-V compound materials or organic 
photo sensing materials. 

[0063] pigs. 2-9 illustrate various stages of a first exemplary em- 
bodiment of a method of fabricating an exemplary micro- 
electromechanical system (MEMS) based sensor according 
to this invention. Figs. 2, 4, 6 and 8 show a top view and 
Figs. 3, 5, 7 and 9 show a corresponding cross sectional 
elevation view. 

[0064] As illustrated in Figs. 2 and 3, the exemplary fabrication 
process begins with a substrate 210 or a surface of a 
semiconductor chip or integrated circuit. An interconnect 
layer 220 is formed over a portion of the substrate 210. 
For example, a relatively low compressive stress alu- 



minum film may be formed by sputter deposition. Then, 
the film is patterned to create the interconnect layer 220 
and a sacrificial layer 222 over which the sensor is to be 
formed. One or more connections 224, such as electrical 
traces, to sensor drivers, processing circuits and/or other 
circuitry formed on the substrate 210 may also be formed 
by patterning the aluminum film. 

[0065] Next, as illustrated in Figs. 4 and 5, a first conductive ma- 
terial layer 230, a sensor material layer 240 and a second 
conductive material layer 250 are consecutively formed, 
for example by consecutive depositions. In the exemplary 
embodiment shown, the first conductive material layer 
230 is a relatively high compressive stress (~ 2Cpa, for 
example) titanium-tungsten film, the sensor material 
layer 240 is a lower compressive stress (~ 700Mpa, for 
example) hydrogenated amorphous silicon layer with p+, i 
and n+ sub-layers, and the second conductive material 
layer 250 is a relatively low tensile stress ITO layer. The 
first conductive material layer 230, the sensor material 
layer 240 and the second conductive material layer 250 
are then patterned to form a structure over the intercon- 
nect layer 220 and the sacrificial layer 222. 

[0066] As illustrated in Figs. 6 and 7, a passivation layer 260 may 



be formed over the various structures already deposited 
on the substrate 210. The passivation layer 260 may be of 
any suitable dielectric material. A via 262 may be formed 
through the passivation layer 260 to expose a portion of 
the second conductive material layer 250. Further, an 
opening 264 is formed through the passivation layer 260 
to expose the sacrificial layer 222 and the portions of the 
first conductive material layer 230, the sensor material 
layer 240 and the second conductive material layer 250 
over the sacrificial layer 222. 
[0067] As illustrated in Figs. 8 and 9, a contact 270 is formed, for 
example, by deposition and patterning, to contact the ex- 
posed portion of the second conductive material layer 250 
through the via 262. The contact 270 may be of any suit- 
able conductive material, such as chromium. Finally, the 
sacrificial layer 222 is removed, allowing the portions of 
the first conductive material layer 230, the sensor material 
layer 240 and the second conductive material layer 250 
over the sacrificial layer 222 to curl away from the sub- 
strate 210 to relieve the intrinsic stress created by the 
stress gradient formed by the different stresses of the 
first conductive material layer 230, the sensor material 
layer 240 and the second conductive material layer 250. 



Thus, a sensor 200 is formed. 
[0068] pigs. 10 and 11 illustrate embodiments in which the sen- 
sor 200 is fabricated to have different lift heights. The lift 
height may be controlled by varying a release length of 
the sensor structure, i.e., the length of the sacrificial layer 
that is removed, or by varying the stress gradient. Thus, 
different lift heights can be readily created on a shared 
substrate. 

[0069] | n particular, the stress gradient may be enhanced by 

crystallizing a sub-layer of the sensor structure. For ex- 
ample, the sensor structure may be irradiated with a laser 
light before or after release. If, for example, the sensor 
material layer is a silicon layer, irradiation of the sensor 
material layer with laser light creates a polysilicon sub- 
layer adjacent to the second conductive material layer. 
The crystallized or polysilicon sub-layer has a reduced 
stress, e.g., a small compressive or tensile stress, thus 
enhancing the stress gradient of the sensor structure. 

[0070] The amount of crystallization and the resulting reduction 
of stress in the sub-layer will vary with the amount of ir- 
radiation. For example, a higher fluence of laser irradia- 
tion will result in a greater amount of crystallization, a 
greater reduction of stress in the sub-layer and a greater 



enhancement of the stress gradient. For example, the 
source of laser irradiation may be a pulsed excimer laser 
with a pulse width of 20-50 ns and a wavelength of 
150-400 nm. 

[0071] | n various exemplary embodiments of this invention, the 
laser light may be excimer laser light and the irradiation 
may be executed by pulsing the excimer laser light. Fur- 
ther, in various exemplary embodiments, the sensor ma- 
terial layer may be subjected to a recovery process to re- 
duce photon-induced effects that may degrade the sen- 
sor. For example, the sensor may be subjected briefly to a 
conventional hydrogen plasma treatment at a low temper- 
ature after irradiation. 

[0072] | n t ne embodiment shown in Fig. 10, the release length of 
the sensor structure is relatively short and the lift height 
is relatively low. Also, as illustrated by arrow A, the rela- 
tively low lift height of the sensor may be achieved by ir- 
radiating the sensor structure with a relatively low fluence 
of laser light to enhance the stress gradient a relatively 
small degree. 

[0073] | n the embodiment shown in Fig. 11, the release length of 
the sensor structure is relatively long and the lift height is 
relatively high. Also, as illustrated by arrow B, the rela- 



tively high lift height of the sensor may be achieved by ir- 
radiating the sensor structure with a relatively high flu- 
ence of laser light to enhance the stress gradient a rela- 
tively large degree. 

[0074] pig. 12 illustrates an exemplary embodiment of a first 

method for laser enhancement of the stress gradient in a 
microelectromechanical system (MEMS) based sensor ac- 
cording to this invention. According to this embodiment, 
only a portion of the sensor structure is exposed to the 
laser light. This approach limits any degradation of the 
sensor that may result from photon-induced defects, as 
compared to laser irradiation of the entire sensor struc- 
ture to obtain a crystallized sub-layer as described above. 

[0075] As shown in Fig. 12, a mask or light shield 310 is formed 
over a sensor 300 prior to irradiation. The mask 310 has 
at least one opening 312 that allows a desired portion of 
the sensor 300 to be irradiated by the laser light. The 
mask 310 may be made of any suitable material, either 
known or hereafter developed, that either reduces or pre- 
vents transmission of the laser light being used to irradi- 
ate the sensor 300. 

[0076] pig. 13 illustrates an exemplary embodiment of the sensor 
300 produced by the exemplary method of Fig. 12 after 



the sacrificial layer (not shown) has been removed. Upon 
release, the sensor 300 curls away from a substrate 320 
on which the sensor 300 is formed. In particular, the sen- 
sor 300 bends at a segment 302 which was irradiated by 
the laser light to enhance the stress gradient. Because any 
degradation of the sensor 300 that may result from pho- 
ton-induced defects is limited to the segment 302, the 
capability of the sensor 300 is improved. 

[0077] Further, the sensor 300 may be fabricated to be capable 
of receiving signals from both sides. Since the sensing di- 
rection may be determined by the location of the trans- 
parent electrode, for example, the ITO layer, providing an 
ITO layer on each side of the sensor material layer of the 
sensor 300 allows the sensor 300 to sense from either di- 
rection upon release. As with the variability of lift height, 
this provides added flexibility in the design of the system. 

[0078] pig. 14 illustrates an exemplary embodiment of a second 
method for laser enhancement of the stress gradient in a 
microelectromechanical system (MEMS) based sensor ac- 
cording to this invention. According to this embodiment, 
only selected portions of the sensor structure are exposed 
to the laser light. 

[0079] As shown in Fig. 14, a mask or light shield 410 is formed 



over a sensor 400 prior to irradiation. The mask 410 has 
at plurality of openings 412 that allows selected portions 
of the sensor 400 to be irradiated by the laser light. As 
described above, the mask 410 may be made of any suit- 
able material, either known or hereafter developed, that 
either reduces or prevents transmission of the laser light 
being used to irradiate the sensor 400. 

[0080] pig. 15 illustrates an exemplary embodiment of the sensor 
400 produced by the exemplary method of Fig. 14 after 
the sacrificial layer (not shown) has been removed. Upon 
release, the sensor 400 curls away from a substrate 420 
on which the sensor 400 is formed. In particular, the sen- 
sor 400 bends at each segment 402 which was irradiated 
by the laser light to enhance the stress gradient. Thus, the 
sensor 400 may be fabricated to have various shapes, 
such as, for example, a coil shape as shown in Fig. 14. 

[0081] Various bending angles of the irradiated segment or seg- 
ments may be achieved by varying the amount of irradia- 
tion of the segment or segments. For example, localized 
attenuation of the laser light may be utilized. 

[0082] pig. 16 shows a cross sectional view of a second exem- 
plary embodiment of a microelectromechanical system 
(MEMS) based sensor 500 according to this invention. In 



this embodiment, an interconnect layer 520, such as alu- 
minum, may be formed over a substrate 510. A first con- 
ductive material layer 530 comprising an ITO layer is 
formed over the interconnect layer 520. A sensor material 
layer 540, which may comprise p+, i and n+ amorphous 
silicon sub-layers, is formed over the first conductive ma- 
terial layer 530. A second conductive material layer 550 
comprising a stressed metal layer, such as a tensile- 
stressed molybdenum-chromium layer, is formed over the 
sensor material layer 540. The sensor 500 according to 
this embodiment is able to receive a signal from the 
bending side, as illustrated by arrow C in Fig. 16. 
[0083] pig. 17 shows a cross sectional view of a third exemplary 
embodiment of a microelectromechanical system (MEMS) 
based sensor 600 according to this invention. This em- 
bodiment illustrates that other sensing or optoelectronic 
materials, such as Group III— V semiconductors, may be 
used for the sensors according to this invention. In this 
embodiment, an interconnect layer 620, such as alu- 
minum arsenide, may be formed over a substrate 610, 
such as a gallium arsenide substrate. A first conductive 
material layer 630 comprising an p+ gallium arsenide ma- 
terial, for example, is formed over the interconnect layer 



620. A sensor material layer 640 of gallium arsenide, 
which may comprise i and n+ sub-layers, is formed over 
the first conductive material layer 630. A second conduc- 
tive material layer 650 comprising a stressed metal layer, 
such as a tensile-stressed molybdenum-chromium layer, 
is formed over the sensor material layer 640. This embod- 
iment may be utilized to provide high sensitivity and high 
speed signal detection. 

[0084] As noted above, the microelectromechanical system 

(MEMS) based sensors according to this invention may be 
incorporated or integrated into a larger or composite sys- 
tem. For example, Figs. 18, 19 and 20 illustrate exem- 
plary embodiments in which sensors according to this in- 
vention are incorporated in a planar chip-to-chip commu- 
nication system, an optical switching system and a micro- 
optical bench, respectively. 

[0085] An exemplary planar chip-to-chip communication system 
700 is illustrated in Fig. 18. The communication system 
700 comprises a master chip 710 and one or more slave 
chips 720. Each slave chip 720 may comprise memory and 
processor circuits along with at least one sensor, for ex- 
ample, an erected sensor array 722 and at least one sen- 
sor processor, for example, a plurality of CMOS sensor 



processors 724. The master chip 710 may comprise 
memory and processor circuits along with at least one 
transmitter driver 712 and at least one laser or LED, for 
example, a laser array 714, such as an edge emitting laser 
array or a VCSEL laser array. Optical signals from the laser 
array 714 may be collimated, for example, by an array of 
collimation lenses 716, to reduce cross-talk. Further, sig- 
nals from a VCSEL laser array may be deflected and cou- 
pled into optical waveguides (not shown) which may be 
formed of dielectric or polymer materials on a substrate. 

[0086] Alternatively or additionally to the laser array 714, the 
master chip 710 may comprise an optical scanner 718. 
Further, although not shown for the sake of simplicity, the 
master chip 710 may comprise one or more sensors or 
sensor arrays. This allows the master chip 710 to be opti- 
cally linked to other master chips in addition to multiple 
slave chips 720, as illustrated. 

[0087] Because the erected sensors may be fabricated using ma- 
terials that involve a low temperature process, such as hy- 
drogenated amorphous silicon, the sensors according to 
this invention may be fabricated on finished integrated 
circuit chips or on printed circuit boards. This allows for 
easy integration of sensors and chips and/or circuits. 



[0088] | n general, the master and slave chips of the communica- 
tion system 700 may be mounted on a flat back plate or a 
printed circuit board. The mater chip 710 may be used to 
perform high-level information processing and to control 
task distribution. The slave chips 720 may be used to per- 
form low-level processing and to provide input/output in- 
terfaces. 

[0089] An example of an application of the planar optical com- 
munication system 700 is a flat panel display system. For 
a high-resolution display, there are thousands of gate 
lines and signal lines. An erected sensor may be fabri- 
cated for each gate line and each signal line. External 
driver chips may then send display signals via planar opti- 
cal links. 

[0090] An exemplary optical switching system 800 is illustrated 
in Fig. 19. The switching system 800 comprises a plurality 
of optical fibers 810, a switching array, for example, a 
switching mirror array 820, and a plurality of erected sen- 
sors 830. One of the erected sensors 830 is associated 
with each of the optical fibers 810 and positioned to ab- 
sorb a small fraction of the light signal in each optical 
path. The erected sensors 830 may be easily integrated 
into the optical switching system 800 with a low manufac- 



turing cost. 

[0091] The signals generated in the sensors 830 may be used to 
monitor optical power and traffic flow. Further, the 
erected sensors 830 may be used for in-line calibration of 
the optical switching system 800. Based on the status of 
the mirrors of the switching mirror array 820, the sensors 
can send signal intensities to driver electronics (not 
shown) for calibration. Alternatively or additionally, the 
mirrors of the switching mirror array 820 may be con- 
trolled based on signals sent to the driver electronics from 
the sensors 830. 

[0092] An exemplary micro-optical bench 900 is illustrated in 
Fig. 20. The micro-optical bench 900 comprises a bench 
910 on which a plurality of optical components, for exam- 
ple, a laser 912 and a Fresnel lens 914 are integrated. At 
least one erected sensor 930 is integrated onto the bench 
910. The erected sensor 930 replaces conventional photo 
detectors which are bonded to an optical bench. Because 
the erected sensor 930 is integrated on the bench 910, 
optical alignment is simplified. Further, since the other 
optical components such as the laser 912 and the Fresnel 
lens 914 may be integrated on the bench 910 using 
known techniques, the micro-optical bench 900 may be 



substantially monolithically fabricated. 
[0093] while this invention has been described in conjunction 
with various exemplary embodiments, it is to be under- 
stood that many alternatives, modifications and variations 
would be apparent to those skilled in the art. Accordingly, 
Applicants intend to embrace all such alternatives, modi- 
fications and variations that follow in the spirit and scope 
of this invention. 



